fibroblasts. Melatonin reduced IL1β and HA in GO and control fibroblasts, and IFNγ only in GO fibroblasts. Conclusions Our study provides evidence in support of an antioxidant role of vitamin C, N-acetyl-l-cysteine and melatonin in orbital fibroblasts. Some of the effects of these compounds are exclusive to GO fibroblasts, whereas some other are observed also in control fibroblasts. Our observations provide a basis for a possible clinical use of these substances in patients with GO.
Introduction
available. An antioxidant approach may fulfil these requirements. Thus, several in vitro studies have shown that oxidative stress plays a role in the pathogenesis of GO [17] [18] [19] , based on which Marcocci et al. carried out a multicenter, randomized, double-blind, placebo-controlled trial to investigate whether the antioxidant compound selenium has a beneficial effect in GO [20] , being selenium studied also for the treatment of autoimmune thyroid diseases [21] [22] [23] . Findings were rather encouraging in that treatment with selenium was associated with an improvement of eye signs and symptoms and of the quality of life of patients with mild GO [20] . At the cellular level, selenium exerts antioxidant actions in orbital fibroblasts, resulting in reduced cell proliferation and hyaluronic acid (HA) release, two of the major mechanisms responsible for GO pathogenesis [24] . In addition, selenium prevents some of the microenvironmental changes induced by oxidative stress; in particular, the increased release of some of the cytokines involved in GO pathogenesis [25] [26] [27] . Furthermore, in addition to its anti-proliferative actions, selenium prevents cell toxicity and, therefore, the possible release of orbital autoantigens that may in theory elicit an autoimmune reaction against orbital tissues [29] .
A number of additional antioxidants are available in nature and may exert actions similar to those of selenium in orbital fibroblasts and in patients with GO. For example, quercetin has been shown to have an anti-proliferative effect [30] . We conducted a search for other antioxidants and identified three substances, namely, vitamin C and N-acetyl-l-cysteine, which were previously shown to exert some beneficial effect in orbital fibroblasts [25] and melatonin, which was previously shown to counteract oxidative stress in peripheral lymphocytes from patients with GH [31] . The aim of the present study was to investigate whether these compounds exert an antioxidant action in orbital fibroblasts, and if they affect cell proliferation, HA release and the cytokine milieu involved in the pathogenesis of GO.
Materials and methods

Primary cultures of fibroblasts
Orbital adipose tissue samples were collected from six GO patients who underwent orbital decompression. Normal orbital tissue samples were collected from six patients who underwent eye surgery for conditions other than GO not involving fibroadipose tissue (Table 1) . Informed consent was obtained from all patients. Before surgery, GO patients underwent the following assessments and measurements: (1) ophthalmological evaluation, including Clinical Activity Score (CAS) [32] , and (2) assay for serum autoantibodies against the TSH receptor (TRAb) (RSR Ltd Cardiff, UK).
Primary cultures of orbital fibroblasts were prepared as described [24, 29, 30, 32, 33] . For all the experiments, cells were seeded onto 96 well plates (5000 cells per well) in complete medium. Experiments were started after 24 h when ~50% confluence had been reached.
Induction of oxidative stress and treatment with antioxidants
As reported previously [24] , to induce oxidative stress cells were incubated for 24 h at 37 °C with fresh, complete medium containing H 2 O 2 5 µM, after which the medium was replaced with fresh complete medium and cells were kept in cell incubators at 37 °C for 48 h.
In experiments aimed at assessing the effects of the various antioxidant compounds, cells were pre-incubated for 2 days in cell incubators at 37 °C with complete medium without compounds, or with medium containing either one of the following compounds: (1) vitamin C (Sigma, St. Louis, MO); (2) N-acetyl-l-cysteine (Sigma); and (3) melatonin (Sigma). Then, cells were treated with H 2 O 2 5 µM, as described above.
Preparation of cell extracts
Cells were washed with PBS and incubated on ice for 1 h in lysis buffer (1% Triton X-100, 1% deoxycholate in H 2 O). Samples were spun for 10 min at 10,000×g, pellets were discarded, and supernatants were collected. Protein concentrations were measured with the Bradford method.
Cell assays
After incubation with the various compounds and/or H 2 O 2 , media were collected and cell vitality was assessed using a colorimetric reagent (Invitrogen Corporation, Carlsbad, CA). Glutathione disulfide (GSSG) was measured in cell extracts using a commercial kit (Trevigen, Gaithersburg, MD). Cell proliferation was measured using a commercial kit (Roche Applied Science, Mannheim, DEU). Hyaluronic acid (HA) was measured in cell media using a commercial ELISA (Echelon Sciences, Salt Lake City, UT). TNF-α, IFNγ, and IL1β were measured in cell media using commercial ELISAs (Invitrogen Corporation, Carlsbad, CA).
Data presentation and statistics
Results were normalized for the amounts of proteins in cell extracts. Data are presented as mean ± SD. The following tests were performed as appropriate: (1) 
Results
Cells
Primary cultures of orbital fibroblasts were established from patients with or without GO who underwent eye surgery. Features of patients are reported in Table 1 . GO and control patients were similar in terms of age and gender. GO patients had a long standing, inactive or mildly active eye disease. Four of them had been treated with intravenous glucocorticoids and orbital radiotherapy, in all cases more than 2 years before orbital decompression. There were no relationships between GO treatments and their timing with the findings reported below in primary cultures of orbital fibroblasts (not shown). All GO patients underwent orbital decompression for disfiguring proptosis. Control patients underwent eye surgery for eyelid ectropion or entropion. There were no patientrelated differences in the results reported below (not shown).
Cell values at baseline
As mentioned above, once primary cultures of orbital fibroblasts were established, GSSG, cell proliferation, HA, TNF-α, IFNγ, and IL1β were measured. Baseline values in GO and control fibroblasts are reported in Table 2 . GSSG was significantly greater in control fibroblasts, whereas proliferation and HA were greater in GO fibroblasts, the former two as reported previously [24] . The differences between GO and control fibroblasts were confirmed by multivariate analysis and adjustment for age, which were performed based on the fact that, albeit not significant, age was greater in control than in GO tissue donors (Table 1) . No differences were observed between GO and control fibroblasts concerning TNF-α, IFNγ, and IL1β.
Vitamin C
To determine the optimal concentration of vitamin C to be used, we assessed its effect on cell vitality by incubating fibroblasts with increasing concentrations of , vitamin C had no cytotoxic effect. Thus, cell vitality was not reduced up to a 1000 µM concentration. There was no difference between GO and control fibroblasts. The highest vitality was observed at 250 µM, the concentration also used in previous studies [25] , which we, therefore, used here in the experiments reported below.
To determine the effects of vitamin C on oxidative stress, GSSG was measured in cell extracts upon incubation of fibroblasts with H 2 O 2 5 µM, a concentration that was previously shown to induce oxidative stress without affecting cell survival [24, 25] . As shown in Fig. 1b , the increase in GSSG induced by H 2 O 2 was significantly reduced by vitamin C in both GO and control fibroblasts, with no difference between the two groups of cells. We then examined the effects of vitamin C on cell proliferation, one of the major pathogenetic mechanisms of GO [28] . As reported previously [24, 25] , H 2 O 2 5 µM determined a significant increase in cell proliferation in GO, but not in control fibroblasts (Fig. 1c) . Vitamin C reduced this increased proliferation. In confirmation of a previous study [24] , proliferation was greater (P = 0.05) in GO than in control fibroblasts, regardless of the incubation conditions. As observed previously [24] , HA was not increased by H 2 O 2 and it was not affected by vitamin C (Fig. 1d) . Oxidative stress is known to be associated with increased release of pro-inflammatory cytokines by fibroblasts because of which we investigated the effects of vitamin C on release of TNFα, IFNγ, and IL1β, following treatment with H 2 O 2 . As shown in Fig. 1e -g, all of the three cytokines were increased significantly by H 2 O 2 , both in GO and control fibroblasts, but vitamin C had no effect.
N-acetylcysteine
As shown in Fig. 2a , cell vitality experiments showed that N-acetyl-l-cysteine was not cytotoxic as cell vitality was not reduced up to a 1000 µM concentration of the compound, with no difference between GO and control fibroblasts. The highest vitality was observed at 100 µM, the concentration used in previous studies [25] , which we, therefore, used here.
As shown in Fig. 2b , N-acetyl-l-cysteine reduced the increase in GSSG induced by H 2 O 2 in both GO and control fibroblasts, with no difference between the two groups of cells. In addition, N-acetyl-l-cysteine reduced the increased proliferation induced by H 2 O 2 in GO fibroblasts (Fig. 2c) . Although HA was not affected by H 2 O 2 , it was reduced by N-acetyl-l-cysteine compared to cells treated with H 2 O 2 in both GO and control fibroblasts, with no difference between the two cell groups (Fig. 2d) . The increase in TNFα induced by H 2 O 2 was not affected by N-acetylcysteine, which, however, reduced significantly the increase in IFNγ in GO fibroblasts and the increase of IL1β in both GO and control fibroblasts, with no difference between the two cell groups (Fig. 2e-g ).
Melatonin
As the previous two compounds, also melatonin was not cytotoxic, as shown in Fig. 3a , in cell vitality experiments. Thus, cell vitality was not reduced up to a 200 µM concentration with no difference between GO and control fibroblasts. The highest vitality was observed at 100 µM, which is the concentration that we used in the experiments reported below.
As shown in Fig. 3b , melatonin reduced the increase in GSSG induced by H 2 O 2 in both GO and control fibroblasts, with no difference between the two groups of cells. Melatonin had no effect on the increase in cell proliferation induced by H 2 O 2 (Fig. 3c) . Although HA was not affected by H 2 O 2 , it was reduced by melatonin compared to H 2 O 2 -treated cells in both GO and control fibroblasts, with no difference between the two cell groups (Fig. 3d) .The increase in TNFα induced by H 2 O 2 was not affected by melatonin, which in contrast reduced significantly the H 2 O 2 -dependent increase in IFNγ in GO fibroblasts, as well as the increase in IL1β in both GO and control fibroblasts, with no difference between the two cell groups (Fig. 3e-g ). 
Discussion
The present study was undertaken based on observations suggesting a major role of oxidative stress in the pathogenesis of GO [17] [18] [19] 28] , as well as a beneficial effect of the antioxidant selenium in patients with GO [20] . The study design was to investigate the effects of three antioxidants in primary cultures of orbital fibroblasts from patients with or without GO. Findings supporting an antioxidant action in vitro and a possible use in vivo for these substances are summarized and discussed below. Vitamin C, also known as l-ascorbic acid, is contained in various foods, especially citrus fruits, and is a wellknown antioxidant [34] . Vitamin C was found to reduce the increase in GSSG-a measure of oxidative stress-induced by H 2 O 2 in both GO and control fibroblasts. The effect was associated with a reduction of cell proliferation in GO, but not in control fibroblast, in line with a previous observation [25] . Vitamin C had no effect on HA, which, however, was not increased by H 2 O 2 , as reported previously [24] . Likewise, vitamin C did not affect pro-inflammatory cytokines **P = 0.01 vs H 2 O 2 ; d hyaluronic acid. *P = 0.01 and ‡ P = 0.01 vs H 2 O 2 ; e tumor necrosis factor α (TNFα). *P = 0.05 and ‡ P = 0.02 vs no treatment; f interferon γ (IFNγ). *P = 0.02 and ‡ P = 0.01 vs no treatment, **P = 0.02 vs H 2 O 2 ; g interleukin-1β (IL1β). *P = 0.04 and ‡ P = 0.03 vs no treatment; **P = 0.008 and ‡ ‡ 1 3
involved in GO. Thus, oxidative stress is known to elicit the release of cytokines such as TNFα, IFNγ, and IL1β by orbital fibroblasts [24] [25] [26] [27] [28] , as we also observed here after treatment with H 2 O 2 . In vivo, cytokines are believed to stimulate fibroblast proliferation and regulate cell growth and collagen biosynthesis [24] [25] [26] [27] [28] , thereby contributing the histological changes-the increased volume-of orbital tissues. The lack of action of vitamin C on H 2 O 2 -dependent increase of IL1β is apparently in contrast with the findings of a significant reduction reported by Tasi et al. [25] . In our experiments, vitamin C reduced IL1β, but not to a significant extent. In fact, our figures are quite similar to those of Tsai et al. [25] , and the difference seems to be merely in the statistical significance, which may reflect a slight difference in the samples size between the two studies. Interestingly, Tsai et al. observed an effect of Vitamin C in H 2 O 2 -dependent increase of transforming growth factor-β (TGFβ), which is believed to contribute the increased cell proliferation [25] . Overall, coupled with the results from Tsai et al. [25] , our findings suggest a possible use of vitamin C in patients with GO, considering that the substance is generally very well tolerated when given to humans [34] .
N-acetyl-l-cysteine is a drug used to treat overdoses of paracetamol and to loosen thick mucus in conditions such as cystic fibrosis and chronic obstructive pulmonary disease [35] . The medication is quite safe, with relatively rare and mild side effects and adverse events. Being a precursor of the biologic antioxidant glutathione, N-acetyl-l-cysteine exerts antioxidant actions [35] . It was, therefore, not surprising that N-acetyl-l-cysteine reduced the increase in GSSG induced by H 2 O 2 in both GO and control fibroblasts, confirming its antioxidant properties. Like vitamin C, N-acetyl-l-cysteine reduced the increased proliferation induced by H 2 O 2 in GO, but not in control fibroblasts, an effect similar to that observed previously [25] . N-acetyl-l-cysteine reduced also the release of HA compared with cells treated with H 2 O 2 , in spite of the lack of significant effect of H 2 O 2 on HA. Similar findings had been previously obtained with selenium [24] . We do not have an explanation for these results, and further studies are required to investigate the molecular mechanism underlying the inhibitory effect of N-acetylcysteine on HA. TNFα was not affected by N-acetylcysteine, but IFNγ and IL1β were reduced significantly, the first only in GO fibroblasts, the former in both GO and control fibroblasts. The observation of a reduction of IL1β is a confirmation of the findings of Tsai et al. [25] , who also observed, as in the case of vitamin C, an inhibitory effect of N-acetyl-l-cysteine on TGFβ. Based on these observations, in vivo N-acetyl-l-cysteine may modify the cytokine milieu induced by oxidative stress and its pathogenetic effect in GO. Our results and the ones from Tsai et al. [25] make N-acetyl-l-cysteine a strong candidate for a possible clinical use.
The hormone melatonin is synthesized and secreted by the pineal gland and is a well-known regulator of sleep and wakefulness, because of which it is used in humans for treatment of insomnia [36] . Apparently, melatonin has no adverse effects in humans. Interestingly, melatonin is produced also by several plants, where it functions as a defense agent against oxidative stress [36] . Thus, melatonin is a direct scavenger of radical oxygen and nitrogen species. In a previous study, melatonin was shown to exert antioxidant actions in peripheral lymphocytes from GH patients [31] , but, to our knowledge, its actions in GO were not investigated previously. Here, we observed that melatonin counteracted the pro-oxidative action of H 2 O 2 , as shown by a significant reduction in GSSG in both GO and control fibroblasts. Unlike vitamin C and N-acetylcysteine, melatonin did not affect proliferation, whereas like N-acetylcysteine, it reduced the release of HA compared with H 2 O 2 -treated cells in both GO and control fibroblasts. As for N-acetylcysteine, we do not have an explanation for these results that require further investigations. Melatonin had an effect on pro-inflammatory cytokines that was identical to the one N-acetylcysteine. Overall, melatonin does not seem a very strong candidate for a use in vivo, considering that it did not affect fibroblast proliferation, although, in view of its lack of toxicity and of its effect on HA and cytokines, it may be considered within a possible mixture of antioxidant substances.
Our study provides further evidence in support of beneficial role of vitamin C and N-acetyl-l-cysteine in orbital fibroblasts, and it shows, to our knowledge for the first time, an action of melatonin. Some of the effects of these compounds were exclusive to GO fibroblasts, whereas some others were observed also in control fibroblasts. Our observations provide a basis for a clinical use of these substances in patients with GO. In this regard, an ideal manner could be to incorporate all antioxidants effective in GO fibroblasts, namely, selenium [20] , quercetin [30] , vitamin C, N-acetyl-l-cysteine, and melatonin in a mixture to be administered to patients.
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